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Plant fitness is largely dependent on the root, the underground organ, which, besides its
anchoring function, supplies the plant body with water and all nutrients necessary for
growth and development. To exploit the soil effectively, roots must constantly integrate
environmental signals and react through adjustment of growth and development.
Important components of the root management strategy involve a rapid modulation of the
root growth kinetics and growth direction, as well as an increase of the root system radius
through formation of lateral roots (LRs). At the molecular level, such a fascinating growth and
developmental flexibility of root organ requires regulatory networks that guarantee stability of
the developmental program but also allows integration of various environmental inputs. The
plant hormone auxin is one of the principal endogenous regulators of root system architecture
by controlling primary root growth and formation of LR. In this review, we discuss recent
progress in understandingmolecular networkswhere auxin is one of themain players shaping
the root system and acting as mediator between endogenous cues and environmental factors.

The evolution of land plants is characterized
by the appearance of specialized organs such

as leaves, flowers, and roots. In particular, roots
have developed to anchor the plant body to the
ground, mediate absorption of water and nutri-
ents from the soil, and serve as storage organs
for water and photo-assimilates (Raven and Ed-
wards 2001; Osmont et al. 2007; Pires andDolan
2012; Bellini et al. 2014).

Contrary to animals, where organ formation
occurs primarily during embryogenesis, plants
can produce new organs along their life cycle.
Hence, plant roots are either of embryonic ori-
gin, such as primary roots (PRs), or formed
postembryonically from parental roots or non-
root tissues (i.e., lateral roots [LRs] or adventi-
tious roots [ARs], respectively). The root system
in dicotyledonous plants is mainly based on the

PR that sprouts to numerous lateral branches,
which is known as a taproot or allorhizic system.
Unlike dicots, monocotyledonous plants form
fibrous or homorhizic root systems consisting
of a dense mass of ARs that arise from the
stem (Atkinson et al. 2014).

Arabidopsis thaliana, with one of the sim-
plest and therefore the best anatomically de-
scribed root systems within dicotyledonous
plant species, became the preferred model to
study molecular mechanisms regulating root
branching. In the PR of Arabidopsis, concentric
single layers of epidermis, cortex, and endoder-
mis surround the pericycle, the tissue giving rise
to LRs (Dolan et al. 1993). The pericycle consists
of two cell populations, the xylem- and the phlo-
em-pole pericycle cells (XPP and PPP, respec-
tively). Typically, cells adjacent to xylem can
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acquire characteristics of founder cells (FCs)
and reenter the cell cycle necessary for the ini-
tiation of LR primordia (LRP) organogenesis
(Beeckman et al. 2001; Casimiro et al. 2003; Hi-
manen et al. 2004; Parizot et al. 2008). LRPs,
formed through a series of anti- and periclinal
divisions classified in seven developmental
stages, traverse through surrounding tissues un-
til they emerge from the parental root (Malamy
and Benfey 1997). Ultimately, the apical meri-
stem of LRs, functionally analogous to that of
the PR, is established. This simple, well-de-
scribed root system allowed genetic and molec-
ular screens for key factors controlling LR or-
ganogenesis. As a result, core genetic networks
that regulate different phases of LR development
have been identified and they are constantly up-
dated for new components.

The plant hormone auxin is one of the prin-
cipal regulators of LR organogenesis. Research
focused on the mechanisms underlying root
branching has corroborated the role of auxin
as a trigger and a major coordinator of this post-
embryonic developmental process and provided
molecular insights into auxin-orchestrated
pathways (Torrey 1950; Blakely and Evans
1979; Blakely et al. 1988; Laskowski et al. 1995;
Reed et al. 1998; Dubrovsky et al. 2008; Du and
Scheres 2018; Israeli et al. 2020; Xuan et al.
2020). Intriguingly, besides its role as activator
and regulator steering specific phases of LR or-
ganogenesis, auxin acts as an integrator of var-
ious endo- and exogenous inputs, thereby pro-
viding developmental plasticity and flexibility of
the root system to adapt to fluctuating environ-
mental conditions (Sun et al. 2009; Kapulnik
et al. 2011; Duan et al. 2013).

Here we discuss recent advances in under-
standing pathways that, under the coordination
of auxin, control different aspects of LR organ-
ogenesis and we cover views on the role of auxin
as an integrator of environmental inputs to co-
ordinate adaptive root responses.

ENDOGENOUS MECHANISMS
DETERMINING RHIZOTACTIC PATTERNING

InArabidopsis, a zone above the root apicalmer-
istem from the transition zone (TZ) to elonga-

tion zone (EZ) spatially defines a developmental
window where LR initiation takes place (Casi-
miro et al. 2001; Dubrovsky et al. 2006). This
region, also named the oscillation zone (OZ),
is characterized by recurrent pulses of the DI-
RECT REPEAT5 (DR5) auxin-sensitive report-
er and oscillatory expression of numerous genes
(Ulmasov et al. 1997; De Smet et al. 2007; Mo-
reno-Risueno et al. 2010). The oscillating auxin
maxima and coregulated genes such as MADS-
box transcription factors SHATTERPROOF1
(SHP1), SHP2, and SEEDSTICK (STK) define
prebranch sites, where XPP cells are specified
to FCs and subsequently LRs are initiated (Mo-
reno-Risueno et al. 2010; Van Norman et al.
2013). In the XPP cells, auxin, through the sig-
naling module encompassing AUXIN/IN-
DOLE-3-ACETIC ACID repressor IAA28 and
transcriptional activator AUXIN RESPONSE
FACTOR7 (ARF7), triggers expression of the
GATA23 transcription factor that controls FC
identity (Fig. 1; De Rybel et al. 2010). Although
the molecular principle of this endogenous
mechanismworking as a “root clock” is not fully
understood, several recent studies provide im-
portant insights into pathways that contribute to
regulation of the oscillation-based rhizotactic
patterning.

Inhibition of auxin transport by N-1-naph-
thylphthalamic acid (NPA) dims the oscillation
of auxin response and the initiation of LRs, thus
hinting at a role of polar auxin transport (PAT)
in control of LR positioning (Xuan et al. 2016).
Analyses ofmutants defective in AUXINRESIS-
TANT1 (AUX1)/LIKE AUX1 (LAXs) auxin in-
flux- and PIN-FORMED (PIN) or ABCB/PGP
auxin efflux transporters further corroborate
contributions of PAT to LR initiation (Fig. 1B;
Marchant et al. 2002; Benková et al. 2003; Las-
kowski et al. 2008; Mravec et al. 2008). Intrigu-
ingly, targeted expression of AUX1 in the LR cap
(LRC) and epidermal cells restored the aberrant
LR initiation in the aux1mutant, suggesting that
the LRC-derived auxin might act as a trigger of
LR organogenesis (De Smet et al. 2007; Xuan
et al. 2016). A role of the LRC as a source of
auxin essential for root branching is further sup-
ported by Naxillin, a non-auxin-like molecule
that promotes LRC-specific conversion of the
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Figure 1. Lateral root priming and founder cell specification. (A) Schematic representation of the Arabidopsis
seedling. Specific steps during lateral root (LR) development including priming, LR primordia (LRP) specifica-
tion and initiation, and LR emergence are highlighted along the primary root (PR) in gray boxes. Pericycle cells
involved in early stages of LR development are depicted in yellow. (B) Priming of pericycle founder cells (FCs)
starts in the basal meristem and is driven by auxin reflux from the LR cap (LRC) (red arrows) to epidermal root
cells. In the LRC, auxin flow is reinforced by the conversion of indole-3-butyric (IBA) to indole-3-acetic acid
(IAA) (black dashed line). Factors promoting or repressing LR priming are included in the scheme (black arrows
and bar-headed lines, respectively). Auxin priming of a xylem-pole pericycle (XPP) cell is highlighted in yellow.
(C) Specification of FCs triggers the inhibition of FC establishment and LR initiation in flanking XPP cells. Polar
localization of PIN3 (marked in green) regulates active auxin flow from the endodermis to the FC. Auxin
signaling promoting or repressing expression of the indicated modules is given in red (arrows or bar-headed
lines, respectively). Factors involved in FC specification and inhibition in the neighboring cells and their signaling
pathways are depicted (black arrows and bar-headed lines). Auxin accumulates in the FC (yellow), while the
neighboring FC flanking cells have a higher cytokinin content (blue). (Pc) Pericycle, (En) endodermis, (MZ)
meristematic zone, (OZ) oscillation zone.
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auxin precursor indole-3-butyric acid (IBA) to
the active indole-3-acetic acid (IAA) and there-
by stimulates LR formation. Accordingly, the
ibr1ibr3ibr10 and ech2ibr1ibr3ibr10 mutants
defective in enzymes of the IBA-to-IAA conver-
sion pathway have a reduced number of initiated
LRs (De Rybel et al. 2012; Xuan et al. 2015).
Importantly, the LRC is not the only source of
auxin required for establishment of prebranch
sites, but it might accommodate a pathway that
steers oscillation and thereby the spatiotemporal
pattern of LR initiation. Programmed cell death
(PCD) of the cells at the most distal end of the
LRC displays oscillations and, consequently,
auxin pulses are released to surrounding root
tissues and define the LR spacing along the
main root (Xuan et al. 2016; van den Berg and
ten Tusscher 2018).

To maintain the acropetal pattern of root
branching (i.e., younger LRs are positioned dis-
tally from older LRs), initiation of LRs must be
restricted to a developmental window. Several
processes contribute to LR spacing by suppress-
ing ectopic initiation and thereby reinforcing
and stabilizing the rhizotactic pattern. En-
hanced expression of the cytokinin-sensitive
two-component signaling sensor (TCS) report-
er in pericycle cells adjacent to FCs and LRPs,
suggests that cytokinin forms an inhibitory field
that restricts the initiation of ectopic LRPs in
proximity to existing ones (Fig. 1B). Consistent-
ly, inhibition of cytokinin biosynthesis or signal-
ing resulted in LRP clustering (Bielach et al.
2012; Chang et al. 2015). In parallel, ARABI-
DOPSIS CRINKLY4 (ACR4), encoding a plas-
ma membrane (PM)-localized receptor-like
protein kinase (RLK), contributes to regulation
of LR spacing. Defective rhizotactic patterning
and accumulation of ectopic LRPs in acr4 mu-
tants is in line with the inhibitory function of
ACR4 during the initiation phase (De Smet et al.
2008; Chang et al. 2015). Putative ligands of
ACR4 are signaling peptides of the CLAV-
ATA3/ESR-RELATED (CLE) family and in par-
ticular CLE40 has been proposed to act as a
direct ligand for ACR4 in the root (Stahl et al.
2013; Berckmans et al. 2020). However, quanti-
tative binding assays revealed that ACR4 cannot
directly interact with CLE40, and it may require

additional components, like the ACR4 peptide
coreceptor CLAVATA1 (CLV1) in the signaling
complex (Okuda et al. 2020).

Recently, a peptide-signaling cascade in-
volving TARGET OF LBD SIXTEEN (TOLS2)
and its receptor RLK7 was identified as a local
inhibitory mechanism controlling LR spacing.
TOLS2 peptide, whose expression is auxin-de-
pendent in FCs, moves to neighboring cells
where it inhibits FC specification in ectopic po-
sitions through interaction with the RLK7 re-
ceptor (Toyokura et al. 2019). Activation of
RLK7 promotes expression of PUCHI, a mem-
ber of the AP2/EREBP transcription factor fam-
ily, previously shown to control cell proliferation
during LRP formation. Typically, loss of PUCHI
activity results in abnormally enlarged flank
cells and clustering of LRPs (Hirota et al.
2007). Interestingly, PUCHI was found to target
transcription of genes involved in the synthesis
of very long chain fatty acids (VLCFAs) such as a
3-Ketoacyl-CoA Synthase (KCS), a 3-Ketoacyl-
CoA Reductase (KCR), and PASTICCINO2
(PAS2) (Fig. 1C; Trinh et al. 2019). Mutants
perturbed in VLCFA biosynthesis showed sim-
ilar LR initiation defects as observed in the puchi
mutant, which suggests that PUCHI-regulated
VLCFA biosynthesis is involved in control of
spacing between LRPs. How VLCFAs suppress
the initiation of LRs awaits further study. In ad-
dition, expression of RAPID ALKALINISA-
TION FACTOR34 (RALF34) peptide was de-
tected in pericycle cells flanking LRPs (Fig.
1C). RALF34, through activation of the THE-
SEUS1 (THE1) and related FERONIA (FER)
receptors, controls pathways involved in repres-
sion of LR initiation (Murphy et al. 2016; Gon-
neau et al. 2018). The downstream mechanism
by which the RALF34-THE1/FER module reg-
ulates LR initiation has not yet been uncovered.
Because swelling of the FCs is crucial for the
onset of LR initiation (Vermeer et al. 2014; Ra-
makrishna et al. 2019; Jourquin et al. 2020), a
similar mechanism to the known RALF1-FER
signaling in PRs may involve the activity of the
proton exporters, preventing acidification of the
apoplast and triggering cell wall loosening and
cell expansion (Fendrych et al. 2016; Haruta
et al. 2018).
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It has become evident that a rhizotactic pat-
tern is controlled by multiple, mutually coordi-
nated pathways. The root clock mechanism that
drives oscillatory gene expression and steers the
regulatory circuits to specify prebranch sites and
LRP initiation is complemented by pathways
that suppress LR formation outside of this de-
velopmental window.

AUXIN COORDINATES THE
ESTABLISHMENT OF A DEVELOPMENTAL
NICHE FOR LR INITIATION

Typically, the LR developmental program at the
prebranching sites is triggered by auxin accumu-
lating in two longitudinally adjacent FCs (i.e.,
two per cell file). Besides the longitudinal bicel-
lular type of initiation, the longitudinal unicel-
lular type has been reported in which a single FC
in a cell file gives rise to the entire LRP. Long-
term live-imaging experiments demonstrated
that after specification of single FC its immedi-
ate neighboring pericycle cells are recruited and
participate in LRP formation (vonWangenheim
et al. 2016; Torres-Martínez et al. 2020).

The PIN3 auxin efflux carrier reinforces re-
flux of auxin from surrounding endodermal to
XPP cells (Fig. 1C) and thereby allows accumu-
lation of auxin above a threshold level required
for FC specification (Dubrovsky et al. 2008;
Marhavý et al. 2013). Radial swelling of pairs
of FCs and the migration of their nuclei toward
the shared cell wall followed by asymmetric an-
ticlinal divisions (perpendicular to the PR
growth axis) are hallmarks of initiated LRorgan-
ogenesis (Malamy and Benfey 1997; Dubrovsky
et al. 2000). During the early phases of LR initi-
ation, FCs and adjacent endodermal cells under-
go complex morphocytological changes that en-
compass modulation of actin and microtubule
cytoskeleton dynamics (Vilches Barro et al.
2019), changes of biomechanical cell wall prop-
erties (Swarup et al. 2008; Vermeer et al. 2014;
Ramakrishna et al. 2019), and specification of
symplastic fields of cell-to-cell connectivity (Fig.
2A; Hernández-Hernández et al. 2019). These
processes, essential for the proper LR develop-
mental program, are controlled through a few
auxin-regulated signaling modules, such as

SOLITARY ROOT(SLR)/IAA14-ARF7 and
downstream acting transcription factors LAT-
ERAL ORGAN BOUNDARIES-DOMAIN16
(LBD16) and LBD18, BODENLOS (BDL)/
IAA12-ARF5, or IAA3-ARF7 (Fukaki et al.
2002; Okushima et al. 2005, 2007; Vanneste
et al. 2005; De Smet et al. 2007, 2010; Orosa-
Puente et al. 2018). Importantly in FCs, the
cell cycle is reactivated through transcriptional
regulation of the E2Fa transcription factor by
auxin-responsive IAA14-ARF7-LBD16 and
LBD18 modules (Fig. 2A; Berckmans et al.
2011; Sanz et al. 2011; Lee et al. 2015). It is note-
worthy that attempts to trigger LR initiation
through either tissue-specific activation of cell-
cycle machinery in XPP cells (Vanneste et al.
2005), or release of mechanical constraints im-
posed on XPP cells by endodermal cell ablation
(Marhavý et al. 2016) demonstrate that a simple
transition of XPP cells to a meristematically
active stage is not sufficient to launch an LR
developmental program. Hence, auxin, through
spatiotemporal coordination of all the above-
discussed pathways, establishes a developmental
niche for LR initiation.

New molecular players involved in the reg-
ulation of LR initiation and contributing to the
plasticity of root branching have been identified
recently. AtHB23, a homeodomain-leucine zip-
per (HD-Zip) I transcription factor, represses
the expression of LBD16 and thereby suppresses
the initiation of LRPs (Fig. 2A). Interestingly,
expression of this TF differs in LRPs of second-
ary and tertiary order, suggesting that AtHB23
might act in the upstream pathway that fine-
tunes the core “LR initiation module” as the
root system branches and expands (Perotti
et al. 2019). Similarly, SHI-RELATED SE-
QUENCE5 (SRS5), a member of the SHORT-
INTERNODES family, represses the transcrip-
tion of LBD16. SRS5 is under negative control of
ARF7 and ARF19 and might act in a negative
feedback loop repressing LR initiation (Fig. 2B;
Yuan et al. 2020). Intriguingly, the activity of the
IAA14-ARF7-LBD16 regulatory module that
controls asymmetric cell divisions of FCs is
complemented by GOLVEN/ROOT GROWTH
FACTOR/CLE-like (GLV/RGF/CLEL) signal-
ing peptides (Fig. 2A). Two members of the

Auxin-Regulated Lateral Root Organogenesis
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GLV gene family, GLV6 and GLV10, act as in-
hibitors of asymmetric cell divisions and signal
through RGF1 INSENSITIVE receptors and
MITOGEN-ACTIVATED PROTEIN KINASE6
(MPK6) to restrict the number of initial asym-
metric cell divisions that take place during LR
initiation (Fernandez et al. 2020).

ROLEOF CELL-TO-CELLTRANSPORT IN LRP
ORGANOGENESIS

The LR developmental program starts with the
asymmetric division of FCs. Although the sub-
sequent rounds of divisions are less determinis-
tic and do not follow a strictly stereotypical pat-
tern, this division process results in a highly
conserved tissue patterning and shape of devel-
oping LRP (Malamy and Benfey 1997; Lucas
et al. 2013; von Wangenheim et al. 2016).
LRPs originate fromXPP cells embedded deeply
within the parental PR, implying that significant
parts of LR organogenesis take place while the
primordium is surrounded by several tissue lay-
ers, each of them exhibiting specific biomechan-
ical properties (Malamy 2005; Richter et al.
2009; Naseer et al. 2012; Vermeer et al. 2014;
Banda et al. 2019). Hence, LR formation is gov-
erned by a tight cross talk between regulatory
circuits acting in the body of the primordium
and adjacent tissues. Remarkably, auxin and its
distribution driven by PAT plays an instructive
role in the proper formation of LRP as well as in
the coordination of its emergence through sur-
rounding tissues. In the LRP, PIN, and AUX1/
LAX auxin transporters (Marchant et al. 2002;
Benková et al. 2003; Marhavý et al. 2013; Péret
et al. 2013) occupy distinct expression domains
and polarize to specific membranes, thereby de-
termining a graded auxin distribution with
maximum at the tip of the primordium (Figs.
1C and 2B). Hence, numerous factors and path-
ways that control expression or polar membrane
localization of the auxin transporters, including
regulators of vesicular trafficking such as ARF
GTPases andARF guanine-nucleotide exchange
factors (ARF-GEFs) (Geldner 2003), and hor-
mones such as cytokinin (Marhavý et al. 2011,
2014), gibberellins (Löfke et al. 2013), and sali-

cylic acid (Tan et al. 2020), play an important
role in steering LRP organogenesis.

Auxin released from LRP to adjacent tissues
activates pathways that promote cell separation
and thereby facilitate emergence of the growing
primordium (Swarup et al. 2008; Banda et al.
2019). Directional transport of auxin from the
tip of the LRP toward neighboring tissues is
driven by coordinated activities of LAX3 and
PIN3 influx and efflux transporters, respective-
ly, acting in few cells in direct contact with the
emerging primordia (Fig. 2B). The remarkably
specific spatiotemporal expression pattern of
both transporters is the result of tightly coordi-
nated consecutive expression. Auxin, through
an ARF7-LBD29 transcriptional cascade, in-
duces expression of LAX3, followed by enhance-
ment of PIN3-mediated efflux (Péret et al. 2013;
Porco et al. 2016).

PAT appears to play an essential role in aux-
in distribution during LRP organogenesis and,
recently, novel factors that fine-tune the dis-
tribution of auxin at the subcellular level have
been identified (Mravec et al. 2009; Barbez et al.
2012). Among them TOB1, a vacuolar trans-
porter of the auxin precursor IBA, plays a role
in LRP organogenesis. TOB1 expression is cyto-
kinin-responsive and expands from LRP-flank-
ing regions to the whole primordia and outer
layers of the parental root. Mutations in TOB1
result in enhanced LRP development and while
detailed mechanisms underlying TOB1 func-
tion await further investigation, TOB1 appears
to act as an integrator of cytokinin signaling and
auxin homeostasis in the regulation of LRP or-
ganogenesis (Michniewicz et al. 2019). The role
of vacuoles in LR formation is also supported by
a recent study of Sortin2, a chemical identified
in screening for molecules affecting protein
trafficking (Norambuena et al. 2008). Sortin2,
through phosphatidylinositol 4-kinases PI4-
KIIIb1 and PI4KIIIb2, affects the abundance
of phosphatidylinositol 4-phosphate (PI4P) at
the PM and endosomal compartments, thereby
promoting protein trafficking to the vacuoles.
Intriguingly, the effect of Sortin2 on subcellular
trafficking correlates with enhanced LR organ-
ogenesis independently of the canonical
SCFTIR1/AFB auxin-mediated signaling. Wheth-

Auxin-Regulated Lateral Root Organogenesis
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er Sortin2-mediated protein trafficking to the
vacuoles modulates the activity of factors acting
downstream of auxin signaling or involves dif-
ferent auxin-independent programs still needs
to be resolved (Pérez-Henríquez et al. 2012;
Rubilar-Hernández et al. 2019).

In parallel to cell-to-cell transport of auxin
driven by PM transporters, symplastic plasmo-
desmata (PD)-dependent transport of mole-
cules is critical for proper LRP organogenesis.
Two related callose-degrading enzymes plasmo-
desmal-localized β-1,3 glucanase1 (PdBG1) and
PdBG2, both transcriptionally regulated by aux-
in in an SLR/IAA14-dependentmanner, control
callose deposition in LRPs (Fig. 2B). Mutations
in these genes result in defective primordia, in
line with a role of symplastic transport in the
regulation of LRP organogenesis (Benitez-Al-
fonso et al. 2013). Interestingly, in cells overlying
LRPs, the auxin-inducible PLASMODESMA-
TA-LOCATED PROTEIN5 (PDLP5) governs a
temporary symplastic isolation of primordia via
reversible callose accumulation. Interference
with PDLP5 affects the outgrowth of LRP (Fig.
2B; Sager et al. 2020). Thus, auxin-controlled
PD-dependent movement of molecules in both
primordia and adjacent tissues contributes to
fine-tuning of LRPorganogenesis andoutgrowth
(Benitez-Alfonso et al. 2013; Sager et al. 2020).

AUXIN ORCHESTRATES GENETIC
NETWORKS IN LRPANDADJACENT TISSUES
TO REGULATE LRP DEVELOPMENT

Auxin in LRP and adjacent cells triggers and
coordinates essential pathways for the proper
organogenesis and emergence. Importantly, re-
cent works show that tissues overlaying LRPs are
not just biomechanical barriers that need to be
crossed during emergence from the parental
root, but they play an active role in shaping
and pattering the LRP (Lucas et al. 2008; Ver-
meer et al. 2014).

In the primordium, auxin signals trans-
duced through specific modules, including
SLR/IAA14-ARF7, ARF19, and BDL/IAA12-
ARF5, activate multiple downstream pathways.
Among them, the auxin-controlled PLETHO-
RA (PLT) transcription factors, which further

define expression of PIN1 and PIN3 transport-
ers, as well as the SHORT ROOT (SHR), SCARE-
CROW (SCR), and WUSCHEL-RELATED
HOMEOBOX5 (WOX5) transcription factors
steer the cell differentiation and patterning of
LRPs (Du and Scheres 2017). Recently, LATER-
AL ROOT PRIMORDIA1 (LRP1), a member of
the SHORT INTERNODES/STYLISH (SHI/
STY) family, whose expression is regulated by
histone deacetylation in an auxin-dependent
manner, was recognized as a novel negative reg-
ulator of LRP organogenesis. LRP1 promotes
auxin biosynthesis through the regulation of
YUCCA4 (YUC4) and thus contributes to LRP
formation (Fig. 2B; Singh et al. 2020).

Strikingly, in parallel to the well-established
Aux/IAA-ARF-mediated signaling, a new non-
canonical auxin transduction pathway acting
through transmembrane kinases (TMKs) has
been proposed. TMKs, in response to auxin, ac-
tivate the mitogen-activated protein kinase
(MAPK) pathway and thereby control the cell-
division patterns during LRP organogenesis
(Huang et al. 2019).

In outer tissues, auxin, through signaling
modules such as SHORT HYPOCOTYL2
(SHY2)/IAA3-ARF7 in the endodermis and
SLR/IAA14-ARF7 and ARF19 in the cortex
and epidermis, regulates distinct pathways that
enable separation of cells with different cell wall
properties. For example, in thewalls of endoder-
mal cells, Casparian strips, enriched for suberin
and lignin, form an extracellular hydrophobic
barrier between the outer and inner root tissues
to control water and nutrient uptake (Doblas
et al. 2017; Nakayama et al. 2017). Interestingly,
the expression of the CASPARIAN STRIP IN-
TEGRITY FACTOR1 (CIF1) and CIF2, pep-
tides, which through SCHENGEN3/GASSHO1
(SGN3/GSO1) and GSO2 leucine-rich repeat
(LRR)-RLK receptors regulate lignification and
suberization of the endodermal tissues, is sup-
pressed in cells adjacent to LRPs (Fig. 2A). Al-
though the mechanisms that control local
down-regulation of CIFs and the role of auxin
in this process need to be examined, the findings
support the concept of a local, tissue-specific
pathway engaged in cell separation during LRP
outgrowth (Ghorbani et al. 2015; Nakayama
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et al. 2017). Degradation of pectins, which are
major components of plant cell walls, is facili-
tated by the INFLORESCENCEDEFICIENT IN
ABSCISSION (IDA) peptide. IDA interacts with
the HAESA (HAE)/HAESA-LIKE2 (HSL2)
LRR-RLK and activates the MKK4/MKK5–
MPK3/MPK6 cascade, which promotes expres-
sion of a specific set of the cell wall remodeling
enzymes and thereby enhances LR emergence
(Fig. 2A; Kumpf et al. 2013; Zhu et al. 2019b).

Whereas initially major attention was given
to mechanisms associated with separation of
cells overlying LRP, current studies point out
that in LRPs, auxin-controlled cell wall remod-
eling also has an important patterning function.
MUSTACHE (MUS) and MUSTACHES-LIKE
(MUL) genes, encoding inactive LRR-RLKs,
are expressed in early-stage LRPs in an auxin/
ARF7-ARF19-dependent manner. RNA-seq
data suggest that MUS and MUL control LRP
development, likely via regulating cell wall
biosynthesis and remodeling genes such as
XYLOGLUCAN ENDOTRANSGLYCOSYLASE6
(XTR6), EXPANSIN1 (EXP1), EXP17, and POL-
YGALACTURONASE ABSCISSION ZONE A.
THALIANA (PGAZAT) (Xun et al. 2020).

In addition, recent findings hint at PCD as a
parallel regulatory pathway to cell wall remod-
eling–driven cell separation during LR emer-
gence. A subset of LRP-overlying cells display
induction of PCD marker genes and their cell
death was detected by electron and other micro-
scopic techniques. Cell-death-deficient mutants
lacking the positive cell death regulator ORE-
SARA1/ANAC092 (ORE1) exhibit a delayed
outgrowth of LRPs and these defects were re-
stored by physical or genetic elimination of cells
overlying the LRPs (Escamez et al. 2020).

Tight contact of developing LRPs and sur-
rounding tissues raises an important question
about the mechanisms that prevent adhesion
of newly formed organs and parental root tis-
sues. Intriguingly, a layer comprised of an insol-
uble polyester (cutin) and soluble lipids (waxes),
called cuticle, was detected from the early stages
on the surface of developing LRPs (Berhin et al.
2019). Mutants defective in cuticle formation
exhibit deformations of LRPs, suggesting that,
like in the shoot apical meristem and other plant

organs, cuticle forms a separating layer, which
prevents adhesion of adjacent tissues and there-
by facilitates penetration of LRP toward the root
surface (Fig. 2B;Nawrath et al. 2013; Ingram and
Nawrath 2017; Berhin et al. 2019).

DISTINCT REGULATORY PATHWAYS ARE
INVOLVED IN THE REGULATION OF LR
DEVELOPMENT

The outgrowth of LRs and their maturation en-
compasses a number of events including the es-
tablishment of a connection of the vascular sys-
tem with that of the parental root and the
formation of an apical meristem at the proximal
end of the LR. The apical meristem, analogous
to that of the PR, is essential for production of
new cells and to sustain growth of LRs. Although
many regulatory pathways are shared with PRs,
some genetic programs are specific to LRs. An
obvious example of such a nonshared pathway is
the SLR/IAA14-ARF7-ARF19 signaling mod-
ule. Mutations in components of this module
severely affect LR formation, while the PR re-
mains mostly unaffected (Fukaki et al. 2002).
Similarly, expression and functional analyses
of AtHB23 indicate that specialized pathways
have developed to control PRs and different-or-
der LRs (Perotti et al. 2019). Genetically distinct
pathways controlling roots of either embryonic
or postembryonic origin provide crucial advan-
tages for plant survival under conditions that
limit growth of the PR. Furthermore, radial ex-
pansion of the root system, essential for maxi-
mizing soil exploration, relies on diversification
of gravity-sensing mechanisms in LR and PR.
Whereas PRs are highly responsive to gravity
and they rapidly realign with changed gravity
vector (Friml et al. 2002; Zhu et al. 2019a), at-
tenuated gravity sensing in LRs allows their hor-
izontal growth (Rosquete et al. 2013;Waidmann
and Kleine-Vehn 2020). Reduced gravity-driven
bending of LRs is the result of partially sup-
pressed activity of the PAT machinery, which
mediates root gravity response through rapid
relocation of auxin to the lower gravi-stimulated
side of the root (Rosquete et al. 2013; Ogura et al.
2019). Moreover, in LRs, auxin-driven gravity
sensing is counterbalanced by a cytokinin-de-
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pendentmechanism. Local increase of cytokinin
signaling at the upper LR flank leads to growth
inhibition and attenuation of downward gravi-
tropic bending of LRs (Fig. 3). Interestingly, a
genome-wide association study revealed that ac-
tivity of Cytokinin Oxidase 2 (CKX2) which
catalyzes the degradation of cytokinins and
thereby controls levels of cytokinins at the tip
of LR, is an important factor determining grav-
ity set point angle (GSA) of LRs (Fig. 3; Waid-
mann et al. 2019). Notably, regulation of the LR
GSA is not fully root-autonomous and can be
fine-tuned by systemic signals that coordinate
the development of root and shoot organs. Re-
cently, interaction of CARBOXY-TERMINAL-
LY ENCODED PEPTIDE (CEP) with the CEP
RECEPTOR1 (CEPR1) in shoot was shown to
control the GSA of LRs by reducing rootward
auxin transport and/or by altering auxin levels
in shoots (Chapman et al. 2020).

ROOTSYSTEMARCHITECTURESHAPINGBY
ENVIRONMENTAL CUES

In heterogeneous soil environments, the root
system is exposed to numerous cues such as me-
chanical obstacles, the availability of water and
patches of nutrients, the level of oxygen, and

light passing through the soil. The root contin-
uously perceives these variables and translates
them to adaptive developmental responses, in-
cluding modulation of the branching pattern.
Bending of PRs triggered either by gravity or
deflection from obstacles are examples of an en-
vironmentally driven mechanism that signifi-
cantly contribute to modulation of the LR initi-
ation pattern (Ditengou et al. 2008; Lucas et al.
2008). Although the molecular details remain
unclear, in silico models suggest that mechani-
cal deformation of tissues during curve forma-
tion leads to local increases of auxin activity,
which stimulates the initiation of LR (Laskowski
et al. 2008). Alternatively, root bending could
trigger a transient increase of Ca2+ within the
pericycle that might act as a signal to translate
mechanical forces to initiate LR development
(Richter et al. 2009).

Light is one of the environmental factors
essential for plant survival. It affects not only
the development and physiology of the shoot,
but also the underground root system. Impor-
tantly, root cells also possess photoreceptors that
can be activated by light. Hence, roots not only
receive information about light conditions
through signaling molecules traveling from the
shoot, but they also directly perceive light pass-

LR gravity response (GSA)

CKX2

CEP - CEPR

PINs

PIN1

PIN4

PIN3/7

PIN2

Figure 3.Auxin and cytokinin define the gravitropic set point angle of the lateral root (LR) upon emergence. PIN-
driven auxin flow to LR columella cells (yellow) is depicted as a red central arrow. Asymmetric cytokinin
distribution in the LR cap (LRC) cell and in the upper side of LR is highlighted in blue. Interactions among
factors interferingwith the gravitropic angle are indicated (bar-headed lines). Differential cell elongation between
the upper and lower side of LR is represented as double-headed black arrows.
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ing through the soil (Lee et al. 2016; Yang et al.
2020). For example, light perceived by the pho-
toreceptor PHYTOCHROME B (PHYB) in
roots activates the ELONGATED HYPOCO-
TYL5 (HY5) transcription factor and thereby
modulates growth and gravitropic responses of
the PR (Lee et al. 2016). Recently, another root-
based mechanism of light-regulated responses
has been described. Ultraviolet B (UV-B) light
is an inherent component of sunlight that mark-
edly affects root branching. At the molecular
level, UV-B light activates the UVB-RESIS-
TANCE8 (UVR8) receptor and triggers its
relocation to the nucleus, where it inhibits the
DNA-binding activities of MYB73/MYB77
transcription factors. As a result, transcription
of the auxin-responsive genes is suppressed and
consequently LR development is inhibited (Fig.
4; Yang et al. 2020).

The soil environment displays temporary
oxygen deprivations due to seasonal rainfalls,
flooding, or snow melting. Plants suffering
from this drop in the soil oxygen content react
by adaptive responses including inhibition of LR
development. In-depth analyses revealed that in
planta, the lack of active circulation may lead to
the formation of internal hypoxic areas. These
hypoxic niches, characterized by the expression

of hypoxia marker genes, including a subgroup
of ERF-VII transcription factors, were detected
at specific stages of LRP development both in
aerobic and enhanced at low oxygen conditions.
ERF-VII transcription factors bind to promoters
of the auxin-induced genes LBD16, LBD18, and
PUCHI and suppress their expression, resulting
in inhibition of LRP development (Shukla et al.
2019). Further insights into mechanisms asso-
ciated with the regulation of oxygen levels and
their impact on the root system were obtained
from rice. In rice, lysigenous aerenchyma, a gas
space created by cortical cell death, is established
constitutively under aerobic conditions to en-
hance internal oxygen transport and its forma-
tion increases under oxygen-deficient condi-
tions. In the dominant-negative mutant of the
IAA13 auxin signaling repressor, reduced aer-
enchyma formation correlated with defects in
LR formation. This hints at a role for auxin sig-
naling in the coordination of both processes.
Consistently, LBD1-8, a transcriptional target
of IAA13 and ARF19, is expressed in cortex
and LRP. Restoration of LBD1-8 expression re-
covered aerenchyma and LR formation in the
iaa13 background, implying that auxin signal-
ing coregulates aerenchyma and LR formation
(Yamauchi et al. 2019).

UVR8

MYB73
MYB77

Auxin
response

UV

ERF VII

LBD16,18
PUCHI

LR development

Hypoxia Low N

SUMO
ABA

Dry
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syn-
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IMK2

NRT1

 PAT TAR2
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PHR1
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Figure 4. Environmental factors regulating lateral root (LR) development. Schematic representation of environ-
mental cues, signaling pathways, and molecular mechanism regulating LR organogenesis. Factors promoting or
repressing LR developments are indicated as black arrows or bar-headed lines, respectively.
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Roots, as they grow through heterogenic soil
environments, are exposed towet soil aggregates
or airy pores, where they experience a local tran-
sient water deficit. Recent advances in bioimag-
ing techniques, which allowed monitoring of
root growth in the natural soil environments,
revealed that, while LR organogenesis is en-
hanced at the root side exposed to moisture, it
is suppressed in airy microenvironments (Bao
et al. 2014; Orman-Ligeza et al. 2018; Orosa-
Puente et al. 2018; von Wangenheim et al.
2020). Intriguingly, both processes, hydro-pat-
terning (promoting effect of moisture on LR
organogenesis) and xero-branching (LR organ-
ogenesis inhibition in airy microenvironments)
appear to be regulated by specific molecular
pathways. Hydro-patterning is primarily driven
through differential posttranslational control of
the sumoylation pattern of ARF7 and its impact
on auxin signaling. ARF7 is sumoylated on the
airy side of the root, resulting in an interaction
with the IAA3 repressor that inhibits LR initia-
tion. On the water-exposed side of the root,
ARF7 is not sumoylated, enabling the transcrip-
tion factor to activate expression of genes in-
volved in LR initiation (Orosa-Puente et al.
2018). Intriguingly, local heterogeneity in mois-
ture also affects later phases of LRP organogen-
esis, namely the LR outgrowth angle. Typically,
LR initiate from multiple adjacent XPP files,
where the central cell file forms the tip of the
primordium and contributes most of the cell
mass to developing LRP (von Wangenheim
et al. 2017). Exposure to water gradient might
change proportion with which the individual
XPP files contribute to formation of LRP and
promote leaning of LR toward the water reach
area (von Wangenheim et al. 2020).

Studies of xero-branching in cereals and
Arabidopsis point at an indispensable role of
abscisic acid (ABA) signaling when roots are
not in contact with water. Endogenous ABA
accumulation in the root correlates with atten-
uated auxin biosynthesis and consequently de-
creased LRP initiation (Deak andMalamy 2005;
Orman-Ligeza et al. 2018).

When roots are exposed to osmotic stress in
the presence of high soil salinity, the PM-located
LRR-RLKs Qian Shou kinase (QSK1) and inflo-

rescence meristem kinase2 (IMK2) rapidly relo-
cate to the PD and through the regulation of
callose-deposition fine-tune LRP organogenesis
(Grison et al. 2019).

LATERAL ROOT DEVELOPMENT AS A
FORAGING STRATEGY

The root system is highly responsive to nutrient
availability and distribution within the soil. This
is particularly true for major nutrients like ni-
trogen (N), phosphorus (P), and potassium (K),
which are limiting nutrients for plant growth
(Kellermeier et al. 2013; Guan 2017; Crombez
et al. 2019; Vidal et al. 2020).

Nitrogen is an essential element that plants
can acquire from various inorganic or organic
sources in the soil. Fluctuations in both concen-
trations and the form of N sources available in
the soil have prominent effects on root systems.
Deficiency in N severely interferes with root
growth and development, whereas low availabil-
ity of nitrogen enhances root branching to pro-
mote the exploitation of this macronutrient.
High levels of N might trigger production of
stress hormones such as ethylene that lead to
inhibition of PR and LR elongation growth
(Tian et al. 2009; Gruber et al. 2013; Jia and
von Wirén 2020). Interestingly, the local ni-
trate-rich zones enhance LR outgrowth (Re-
mans et al. 2006). These complex adaptive re-
sponses of roots to N sources and heterogeneity
in availability are regulated by a combination of
systemic and local signaling (Ruffel 2018). The
impact of available N on the root system is close-
ly interconnected with the activity of plant hor-
mones including auxin. A number of studies
have demonstrated that auxin biosynthesis and
transport are altered in response to different N
regimes in various plant species (Gutiérrez et al.
2007; Ma et al. 2014; Krouk 2016; Maghiaoui
et al. 2020). At the level of auxin signaling, auxin
receptor AFB3 and auxin response factor AUX-
IN RESPONSE FACTOR 8 (ARF8) with associ-
atedmiR393 andmiRNA167s, respectively, were
identified as N-responsive modules that control
root system architecture in response to N avail-
ability in Arabidopsis (Gifford et al. 2008; Vidal
et al. 2010). The NITRATE TRANSPORTER1.1
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(NRT1.1), a principal component of nitrate
transport and sensing, acts as an important in-
tegrator of nitrate and auxin pathways in Arabi-
dopsis (Krouk et al. 2010; Bouguyon et al. 2015;
Sun et al. 2017; Naz et al. 2019; Vidal et al. 2020).
NRT1.1 is a nitrate transceptor with a dual
transport and sensing function, which in the
absence or at low nitrate availability displays
auxin transport activity. The ability of NRT1.1
to transport auxin has a critical role in adjust-
ment of LRP development to nitrate levels (Fig.
4). At low nitrate, NRT1 negatively affects LRP
development by promoting auxin transport
out of the primordia tip, whereas at the optimal
level of this macronutrient, accumulation of
auxin promotes LRP development (Krouk
et al. 2010; Bouguyon et al. 2015). Intriguingly,
NRT1, whose abundance is tightly controlled by
nitrate, not only fine-tunes flowof auxin in LRPs
but also controls both auxin biosynthesis by
repressing expression of TRYPTOPHAN AMI-
NOTRANSFERASE-RELATED2 (TAR2), and
auxin influx into tissues overlaying LRP by at-
tenuating LAX3 expression (Maghiaoui et al.
2020). Hence, NRT1.1 acts as a regulatory hub
that senses and controls nitrate levels in the
plant body and through multiple pathways con-
trols activity of auxin, thereby translating N sta-
tus of the plant into adaptive developmental re-
sponses including the root system architecture.

Although P is a major component in soil
nutrients, only a small fraction is bioavailable
for plants in the form of phosphate (Pi). Pi star-
vation triggers a series of adaptive responses in
plants (Crombez et al. 2019). A Pi shortage fos-
ters the formation of a shallow root system by
attenuating PR growth and promoting branch-
ing (Naumann et al. 2019). Increased LR forma-
tion in Pi-deprivedArabidopsis seedlings is con-
comitant with increased expression of the TIR1
auxin receptor and ARF19 (Pérez-Torres et al.
2008). Both ARF7 and ARF19 positively regu-
late PHOSPHATE STARVATION RESPONSE1
(PHR1), an MYB-CC transcription factor,
which is one of the main positive regulators of
Pi-response genes (Bustos et al. 2010; Huang
et al. 2018). Expression of PHR1 can partially
rescue the LR-lacking phenotype of arf7/arf19
mutants, suggesting a compensatory feedback

mechanism acting independently of LBD16
and LBD29 in response to low Pi (Huang et al.
2018). Other factors like light, ethylene, and stri-
golactones can coordinate PHR1 expression and
the phosphate response, suggesting a high de-
gree of cross talk among hormone signaling
pathways (Sun et al. 2014; Liu et al. 2017; Crom-
bez et al. 2019). In particular, PHR1 activation
leads to a reduction in nitrate uptake and repre-
sents a direct link between phosphorus and ni-
trogen regulation (Maeda et al. 2018).

In contrast to Pi, potassium is highly soluble
and K-deficiency inhibits LR organogenesis by
interfering with auxin signaling and the expres-
sion of PIN3 in LRP (Kellermeier et al. 2013;
Shahzad et al. 2020). Characteristic regulation of
LR development in low K is achieved by RNA-
directed DNA methylation (RdDM) (Matzke
and Mosher 2014; Shahzad et al. 2020). The
chromatin remodeling factor CLASSY (CLSY1)
is a component of the RdDM complex, which is
involved in silencing of a specific subset of trans-
posable elements (TEs) and genes (Zhou et al.
2018). The promoter region of IAA27, an auxin
signaling repressor and negative regulator of
root branching, contains several of these TEs,
and accordingly displays hypomethylation in
RdDM mutants. Hence, a DNA-methylation-
mediated transcriptional repression by CLSY1
has been proposed as an alternative pathway pro-
moting LR development in low K by silencing
IAA27 expression when the auxin-dependent
degradation is impaired (Shahzad et al. 2020).

CONCLUSION AND PERSPECTIVES

Roots are underground organs that anchor and
provide the plant body with water and nutrients
essential for sustained growth and development.
Developmental plasticity of the root system,
based on the ability of genetic programs that
control LR organogenesis to integrate environ-
mental cues, has become a successful strategy
supporting plant survival in very different hab-
itats. Current research is providing exciting in-
sights into mechanisms that act in the core of
these unique root system features. Particularly,
advances in monitoring root growth in real time
and in natural soil environments have brought
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attention to some, so far, neglected factors that
significantly impact the root system (Orman-
Ligeza et al. 2018; von Wangenheim et al.
2020). Heterogeneity of soils with diverse mi-
croenvironments differing in water and oxygen
content, nutrient composition, temperature, or
light forms a complex universe that continuous-
ly shapes the root system and determines the
fitness of the whole plant. In this dynamic soil
environment, our view on auxin as a key endog-
enous orchestrator of root branching gains new
perspectives and is challenged by intriguing
open questions. How would relatively few auxin
signaling modules integrate such a variety of
environmental signals and translate them to co-
ordinate diverse processes during LR organo-
genesis: the regulation of the cell cycle and divi-
sions, actin and microtubule dynamics, cell wall
remodeling, tissue patterning, and others. What
are the molecular principles underlying speci-
ficity of the auxin action? Identification of a novel
noncanonical TMK-mediated auxin transduc-
tion pathway (Huang et al. 2019), acting in par-
allel to well-established auxin signaling modules
in LRP formation represents an exciting possibil-
ity of parallel pathways acting in the context of
varying environmental conditions.Arabidopsis is
a suitable model for investigation of basic devel-
opmental and molecular principles in root sys-
tem architecture, but anatomical studies on a
broader range of plant species point at significant
diversities in LRP organogenesis (Xiao et al.
2019). This demonstrates that studying the mo-
lecular mechanisms controlling root branching
in other plant species may provide important
insights into evolution of root systemarchitecture
and environmental responses.Moreover, the rap-
idly progressing area of soil microbiota research
and interaction with the plant’s roots will reveal
more genetic pathways that feed into modules
controlling LR organogenesis.

In conclusion, the root system architecture is
the result of a fine balance between the endoge-
nous plant developmental program and exoge-
nous inputs perceived from the environment. In
this scenario, auxin is standing as a master reg-
ulator of LR organogenesis and future research
will provide more elements to fully understand
its primary role in shaping root architecture.
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